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Introduction

- It is generally accepted that the increasing global
temperatures over recent decades are due to increasing
atmospheric concentrations of greenhouse gases, i.e.,

CH,, N,0, and particularly CO,.
- The idea of carbon sequestration is probably the newest
means being studied to manage CO, in the environment.
+ The most likely options for CO, sequestration are
— chemical and physical absorption
— low-temperature distillation
— gas separation membranes and

— physical and chemical adsorption
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CH,, N,0O, and particularly CO.,.

The idea of carbon sequestration is probably the newest

means being studied to manage CO, in the environment.

- The most likely options for CO, sequestration are
— chemical and physical absorption (e.g., ethanolamines)

low-temperature distillation
gas separation membranes and
physical and chemical adsorption.

Currently absorption is the most widely deployed

commercial technology, but it requires significant amount
of heat for solvent regeneration.
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means being studied to manage CO, in the environment.
- The most likely options for CO, sequestration are
— chemical and physical absorption (e.g., ethanolamines)
— low-temperature distillation
gas separation membranes and
physical and chemical adsorption.

Cryogenic distillation is certainly feasible and widely practiced for

CO, recovery, but only viable for CO, concentrations higher that
90 vol%, which is outside the range for flue gas streams.
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means being studied to manage CO, in the environment.
- The most likely options for CO, sequestration are

— chemical and physical absorption (e.g., ethanolamines)

— low-temperature distillation

— gas separation membranes and

physical and chemical adsorption.

Polymeric, ceramic and metallic membranes are all viable for

CO, recovery from flue gas streams; however, each have their
own issues involving low fluxes, degradation, fouling, cost, etc.




Introduction

It is generally accepted that the increasing global
temperatures over recent decades are due to increasing
atmospheric concentrations of greenhouse gases, i.e.,
CH,, N,0, and particularly CO,
The idea of carbon sequestration is probably the newest
means being studied to manage CO, in the environment.
- The most likely options for CO, sequestration are

— chemical and physical absorption (e.g., ethanolamines)

— low-temperature distillation

— gas separation membranes and

— physical and chemical adsorption.

Various adsorption processes for concentrating CO, from flue

gas streams have been proposed and explored, with many of the
results being controversial and a breakthrough being sought.




Overall Objectives

Propose why adsorption technology still has
potential for CO, separation and capture

Introduce new adsorption cycle concepts that
mimic distillation technology

Describe high temperature adsorption cycles for
concentrating CO, from stack and flue gases

Provide convincing evidence that further justifies

study of high temperature adsorption cycles
Elaborate on industrial and government agency

col

aborations to strengthen possibility of success



Overall Objectives

> Propose why adsorption technology still has
potential for CO, separation and capture



Why does adsorption have potential?

extra degree of thermodynamic freedom
compared to e.g., distillation and absorption,
due to the presence of the adsorbent

many different families of porous adsorbents
available, new and old, which offer a vast array
of equilibrium, kinetic and energetic properties
many possible pathways (1.e., different
combinations of materials and processes) that
achieve the same separation performance

unique match often found between optimum
adsorbent and efficient process design

These are key driving forces that promote

innovation and breakthroughs.
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Adsorption Technology

Commercial Regeneration Schemes

® pressure swing adsorption
® displacement purge
® thermal swing adsorption
® stcam regeneration

Classic Commercial Process Modes

e fixed bed

® rotary bed or valve

® simulated moving bed
® moving bed




Amount Adsorbed, q (mol/kg)

PSA and TSA Concepts Based on
the Adsorption Isotherm

PSA

TSA/PSA

PSA: short pressurizing and blowdown times => small beds

A TSA: long heating and cooling times =>large beds

Pressure (atm)




Traditional PSA Cycle Steps

> s1x basic steps for conventional PSA
® pressurization with feed or light product
® high pressure feed with light product
production

® depressurization or blowdown (cocurrent or
countercurrent to the feed)

® desorption at low pressure with light product
purge (light reflux), evacuation or both
® pressure equalization between beds

® high pressure rinse with heavy product
(purge or heavy reflux) following feed



Overall Objectives

> Propose why adsorption technology still has
potential for CO, separation and capture

> Introduce new adsorption cycle concepts that
mimic distillation technology



New PSA Cycle Concepts

® cnriching reflux (ER) or heavy reflux PSA
cycle for producing pure heavy component

® dual reflux (DR) PSA cycle for producing
two pure products

® contrast with conventional PSA or stripping
reflux (SR) cycle; always designed for
producing pure light component




Stripping Reflux PSA

Feed-Purge Step

}3 m J> feed high pressure column (H)
®

||
-

LP

<|> purge low pressure column (L)

e pure light product (LP) produced

e cnriched heavy product (HP) produced,
but with y,p/yp < Py/P



Enriching Reflux PSA

Purge-Feed Step

purge high pressure column (H) J) I

-

LP

T3

feed low pressure column (L)

® pure heavy product (HP) produced

® light product (LP) produced, but with
Yip/Yr < Pr/Py

HP



Dual Reflux PSA

Feed-Purge Step

vy |

!

LP

F

=

intermediate feed position

T3

HP

e feed low pressure, purge low and high pressure columns

® pure heavy product (HP) produced

e pure light product (LP) produced



Stripping Reflux PSA

Pressurization-Blowdown Step

i (Wm l Cg blowdown high pressure column

F

T u»m—‘j pressurize low pressure column

® pure light product used for pressurization
(LLP)

e cnriched heavy product (HP) produced, but
with yup/ye < Py/Pp



Enriching Reflux PSA

Blowdown-Pressurization Step

blowdown high pressure column

-

pressurze low pressure column

2

HP

® cnriched gas from high pressure column used
to completely pressurize low pressure
column

® no products produced



Dual Reflux PSA

Pressurization-Blowdown Step

' F

(Ut

e cnriched gas from high pressure column used to
completely pressurize low pressure column

® no products produced



Adsorbent Technology

Classic Commercial Adsorbents
® activated carbons
® molecular sieve zeolites
® carbon molecular sieves
® silica gels
® activated aluminas
® 10n exchange resins

Newer Commercial Adsorbents

® polymeric
® [I-complexation



Amount Adsorbed, mmol/g

Adsorption of CO, on Solid Sorbents
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Overall Objectives

> Propose why adsorption technology still has
potential for CO, separation and capture

> Introduce new adsorption cycle concepts that
mimic distillation technology



Hydrotalcite-Like Compound (HTlc)
for Reversible CO, Adsorption

» also known as layered double hydroxides (LDHs)
» anionic clays (bi-dimensional basic solids)
> used [Mg, 713Al) ,7(OH),](CO5)q 135°mH,0 5

and S,
and | layer thickness ~ 4.8 A D

> strud interlayer spacing ~ 3.0 A~ unheated |th

inter ng
anio basal spacing = 7.8 A _

thickness

Interlayer
spacing
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Overall Objectives

> Propose why adsorption technology still has
potential for CO, separation and capture

> Introduce new adsorption cycle concepts that
mimic distillation technology

> Describe high temperature adsorption cycles for
concentrating CO, from stack and flue gases



High Temperature SR PSA Cycle

® Skarstrom-type, 4-step, vacuum swing cycle
operated at 575 K

® based on use of K-promoted HTIc adsorbent
selective only for CO, and water insensitive

® typical stack gas or flue gas effluent treated

> obviates need to cool, dry or pressurize the
feed stream

> potential to produce an enriched stream of
CO, at high recovery

Results obtained from non-linear, isothermal

equilibrium theory (NL-IET), and non-1sothermal
mass transfer limited (NI-MTL) modeling studies.




Stripping Reflux (SR) PSA Cycle

e typical 4-step Skarstrom type SR PSA cycle
e countercurrent blowdown and light product pressurization
e many other SR PSA cycle configurations exist
® high purity light product produced
Bed| cyc step cyc step cyc step cyc step
1 | lmghPfeed | Cnt-CBD | low P purge| LP pres
2 LP pres high P feed | Cnt-C BD | low P purge
3 |lowP purge| LP pres high P feed | Cnt-C BD
4 | Cnt-CBD |lowPpurge| LP pres high P feed

LP pres: light product pressurization Pressure History ot Both Columns

high P feed: high pressure feed e
Cnt-C BD: countercurrent blowdown °H T / 1

low P purge: low pressure purge Column A Column B
P, - /




Bed Characteristics, Adsorbent Properties, and
Transport Properties

Ding and Alpay (2000, 2001); Liu et al. (1998)

"L, (m) 0.2724
1, (m) 0.0387
Q: (SLPM) 2.0

Bed Dimensions
and Operating  |<<

Conditions
\TF’ T0 (K) 575
€p 0.48
Adsorbent pp (kg/m’) 1563
Properties r, (m) 1.375%1073

C,, (ki/kg/K) 0.850

h, (kW/m%/K) 0.00067 Different Mass

Transfer Coefficients Kconge (5 0.0006 Constants for

Heat and Mass Kcoo.ad (s 0.0058} Transfer Rate

Adsorption and
Desorption




Non-Linear, [sothermal ET Model of SR PSA

Light Product Pressurization and CounterCurrent Blowdown

ASSUMPTIONS: Npg _ Purge(Fy)
« y =y, CO, front in high pressure feed }:’_yHE
step stops just before breakthrough:
—no CO, in N, , (i.e., 100% RECOVERY) : Ny Feed (P,,) .
—homogeneous y along bed in blowdown Y = ¥r
* Y = ¥ur CO, front in low pressure purge :
step stops just before breakthrough
* Nyp comprises Ny and Ny, Nyp= Ny Ny LP Press
— Yup < YHE Yup < Yur e
SOLUTION PROCEDURE: Np,
Yir =

 overall and inert partial balances
simultaneously satisfied: solving for N,
and y and using equations in literature

CC Blowdown




Results of the NLIET SR PSA Model

Effect of the Pressure Ratio (P,/P,) and P, on the CO, Enrichment

 Enrichments increase with
increasing m;, but only up to a
maximum (indicated by orange
8.0 arrows)

e KFurther decrease of enrichments
due to diluting role of blowdown
in enriched product.

6.0 -

* Thus, ET is helpful in determining
qualitative optimum conditions
(optimum 7t for given P,)

Enrichment
1N
o

 Lower P, improves the working
0.0 ' ' ! ' | ' ' capacity of the HTlcs and hence
0.0 5.0 10.0 15.0 20.0 bett.er enrichments can Dbe
. achieved
T




Results of the NLIET SR PSA Model
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Effect of Pressure Ratio (P,/P,)
and (P, ) on Purge-to-Feed Ratio

(y) and Constant Pressure Step
Time (t;p)

* Besides n, ET also provides the

purge to feed ratios (y) and constant
pressure step time tg, (again
indicated by arrows) at optimum
conditions for given P

ET predicts that for smaller P,
smaller y and larger t;, should be
used, a consequence of 100 %
recoveries always being achieved



NI-MTL SR PSA Model Assumptions

ASSUMPTIONS:

® 1deal gas law

plug-flow (negligible radial gradients)

negligible pressure drop

finite heat and mass transfer resistances

mass transfer governed by linear driving force approximation
heat transfer governed by overall heat transfer coefficient
loading dependent heat of adsorption

gas and adsorbed phase heat capacities equal and temperature
dependent

e constant adsorbent heat capacity

SOLUTION PROCEDURE:

e unlike ET, optimum conditions can only be
found through parametric studies

e FORTRAN based numerical code (method
of lines) used (DDASPK)

Rigorous Model!




Fixed and Varied Operating Parameters

‘ ——— ‘ t; (s) 100, 200, 300, 400, 500 Four Step
S t.(S) 400,800, 1200, 1600, 2000 [] Times

Equal
YE.CO2 0.15
Feed 5
Concentration ENE 0.75
YEH20 0.10
: PPy 4,6, 8,10, 12
‘ Pressure Ratio P. (kPa) 137.9 (kPa)
‘ Purge to Feed Ratios H:V 0.50, 0.75, 1.00, 1.25, 1.50

Underlined parameters ---> base case conditions.




SR PSA: Effect of the Purge to feed Ratio on

the CO, Recovery and Enrichment

P, = 137.9 kPa; y, z = 0.15, V;= 1 SLPM (6 = 14.4 L STP/hr/kg)
100 — 3.75

o ' ] 3.50
. I 1 4 3.25
3\5 90 | 5 Simulations | | . &
5 k = 10k g
(o) -
S 85 | 2.75 £
o —
Base Case Conditions 2.50
80 T ny =8 and t, =300 s 1 205
75 1 | 1 | 1 [l 1 | 1 | 1 200
0.25 0.5 0.75 1 1.25 1.5 1.75



SR PSA: Effect of the Cycle Step Time on

the CO, Recovery and Enrichment
Py=137.9 kPa; y, » = 0.15, V,= 1 SLPM (0 = 14.4 L STP/hr/kg)

Recovery (%)

. 3.50
[ — 31 325
- . =

0 T S 5 Simulations 3.00 qE,
85 | 1 2.75 -§

| | .

‘ 1 250 5§
30 | Base Case Conditions |

- np=8andy=0.75 1 225
R 2
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ts (s)



SR PSA: Effect of the Pressure Ratio on the

CO, Recovery and Enrichment

P, = 137.9 kPa; y, x=0.15, V;= | SLPM (8 = 14.4 L STP/hr/kg)

Recovery (%)

100

k =10k

e

5 Simulations

Base Case Conditions

y=0.75 and t, =300 s
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Effect of the Purge to Feed Ratio and Cycle Step
Time on the CO, Recovery and Enrichment

nr =8, Py=137.9 kPa; y, = 0.15, V.= 1 SLPM (6 = 14.4 L STP/hr/kg)

/‘,‘:zY‘T\ »

3.2
3.0
2.8

Recovery (%)
g\
g
Enrichment

SR PSA: 25 Simulations




CO, Recovery and Enrichment Performance Curves

P, =137.9 kPa; y, z=0.15, V,= 1 SLPM (6 = 14.4 L STP/hr/kg)
4.0

_ Y
— ()50
35 075 N
(e w100 N
. Conditions that maximize both
: R and E easily pinpointed: E = \
£ | 3.89 at R = 86.8% obtained with \ N, A\
c| y=0.5,t =500 s god==13- — RN
W emallest v, longest t| Conditions that maximize Y
7 investigs different: R = 100%, E=2.8 at [ :
15 F 8 R = 86.8% obtained with y =
1(2) 1.5,t, =500 s and ;. = 12.
1.0 : : : . ' : ' : : : :
60 65 70 75 80 85 90 95 100
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CO, Recovery and Enrichment Performance Curves
P, = 137.9 kPa; y, .= 0.15, V,= 0.75 SLPM (0 = 10.8 L STP/hr/kg)
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CO, Recovery and Enrichment Performance Curves
P, = 137.9 kPa; y, .= 0.15, V;= 1.00 SLPM (6 = 14.4 L STP/hr/kg)
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CO, Recovery and Enrichment Performance Curves
P, = 137.9 kPa; y, .= 0.15, V,= 1.25 SLPM (6 = 18.0 L STP/hr/kg)
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Enrichment
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CO, Recovery and Enrichment Performance Curves
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Enrichment

4.0

35 F

30 F

25 F

20 F

1.5 F

1.0

CO, Recovery and Enrichment Performance Curves
P,=137.9 kPa; y, = 0.15, V;= 1.75 SLPM (0 = 25.2 L STP/hr/kg)
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CO, Recovery and Enrichment Performance Curves
P,= 137.9 kPa; y, = 0.15, V= 2.00 SLPM (0 = 28.8 L STP/hr/kg)
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Stripping Reflux (SR) PSA Cycle with
Co-Current Blowdown

® 5-step cycle, with co-current blowdown step
® co-current blowdown mainly increases CO, enrichment

Bed| cyc step Cyc step Cyc step Cyc step Cyc step

1 | highPfeed | Co-CBD | Cnt-CBD | lowPpurge| LP pres

2 LP pres high P feed | Co-C BD | Cnt-C BD | low P purge

3 | lowPpurge| LP pres high P feed | Co-C BD | Cnt-C BD

4 | Cnt-CBD |lowPpurge| LP pres high P feed | Co-C BD

5 | Co-CBD | Cnt-CBD | low P purge| LP pres high P feed
LP pres: light product pressurization Co-current and counter-current
high P feed: high pressure feed blowdown step times equal, and

Co-C BD: co-current blowdown to P,  [RUESetelSle IR o (SN (S Sl L

Cnt-C BD: counter-current blowdown to P,

low P purge: low pressure purge



CO, Recovery and Enrichment Performance Curves
P, = 137.9 kPa; y, ;= 0.15, V= 1.00 SLPM (0 = 14.4 L STP/hr/kg)

3.5

3.0

Enrichment
N N
(@) (@) ]

RN
@)

—_
()

Ty = 6
_ Cnt-C BL
Co-C&Cnt-C BL
B *
*
TCT —
Cnt-C BL
I ——— Co-C&Cnt-C BL
0 65 70 75 80 85 90 95 100

Recovery (%)

Y

—4— 0.50
—4- 0.75
—A— 1.00
—@— 1.25
— )



High Temperature ER PSA Cycle

® 4-step, pressure and vacuum swing cycles
operated at 575 K

® based on use of K-promoted HTlc adsorbent
selective only for CO, and water insensitive

® typical stack gas or flue gas effluent treated

> obviates need to cool, dry or pressurize the
feed stream (only for VSA cycle)

> potential to produce an enriched stream of
CO, at high recovery

Results obtained from non-linear, isothermal

equilibrium theory (NL-IET), and non-1sothermal
mass transfer limited (NI-MTL) modeling studies.




Enriching Reflux (ER) PSA Cycle

e 4-step ER PSA cycle

e cocurrent blowdown and heavy product pressurization
e many other cycle sequences possible with ER PSA

® high purity heavy product produced

Bed| cyc step Cyc step cyc step cyc step
1 | low P feed HP pres | high P purge| Co-C BD
2 | Co-CBD | low P feed HP pres | high P purge
3 |lowPpurge| Co-CBD | low P feed HP pres
4 HP pres | high P purge| Co-CBD | low P feed

HP pres: heavy product pressurization
low P feed: low pressure feed

CO0-C BD: cocurrent blowdown

high P purge: high pressure purge

Four beds needed for
continuous feed and

products cycle; two
independent ER PSA units.




Enriching PSA Cycle

Pressurization and Blowdown Steps

Niiows Yup Npresss YHP

Yup = 1.0




Enriching PSA Cycle

Pressurization and Blowdown Steps Begin

Niiows Yup Npresss YHP

Yup = 1.0




Enriching PSA Cycle

Pressurizing and Blowing Down

Niiows Yup Npresss YHP

Yup = 1.0




Enriching PSA Cycle

Pressurizing and Blowing Down

ButPI<PH!—\
L |"

Py

Niiows Yup Npresss YHP

Yur = 1.0 Ng> Yup




Enriching PSA Cycle

Pressurization and Blowdown Steps

Additional pressurization

Py Py gas needed for non-linear
systems.
/ Unlike linear systems
NBlow’ yHP NPress’ yH Npress = Nblow; iIl fact,
at conditions studied
. here, N .. >N .
Vip= 1.0 N yHP%

This flow 1s obtained
from the feed step.




Enriching PSA Cycle

Pressurizing and Blowing Down

Nk

Niiows Yup Npresss YHP

Yur ™ 1.0 Ngs Yup Ngr> Yup




Enriching PSA Cycle

Pressurizing and Blowing Down

L

Niiows Yup Npresss YHP

Yur ™ 1.0 Ngs Yup Ngr> Yup




Enriching PSA Cycle

Pressurizing and Blowing Down

s

Niiows Yup Npresss YHP

Yur ™ 1.0 Ngs Yup Ngr> Yup




Enriching PSA Cycle

Pressurization and Blowdown Steps End

s

Niiows Yup Npresss YHP

Yur ™ 1.0 Ngs Yup Ngr> Yup




Enriching PSA Cycle

Pressurization and Blowdown Steps End

PL PHi PL

Now, the bed on the right is ready Nps Yp
to be fed at P




Enriching PSA Cycle
Feed and Purge Steps

Nir Yr Nip, Yip




Enriching PSA Cycle
Feed and Purge Steps Begin

|

Nir Yr Nip, Yip

|

Py

Py L P,

Nig> Yup Nur, Yup

Ngr> Yup

Nups Yup

Yup = 1.0




Enriching PSA Cycle
Feeding and Purging

Nir Yr Nip, Yip

I
PHI\_

Py

Nies Yup Nur, Yup

Ngr> Yup

Nups Yup

Yup = 1.0




Enriching PSA Cycle
Feeding and Purging

Nip Yr Nipr, Yop

|

Py

PHl\_

Nugs Yap

NHF, Yur

Ngr> Yup

Nups Yup

Yup = 1.0




Enriching PSA Cycle
Feeding and Purging

Nir Yr Nip, Yip

|

Py

PHI\_

Nugs Yap

NHF, Yur

Ngr> Yup

Nups Yup

Yup = 1.0




Enriching PSA Cycle
Feed and Purge Steps End

Nir Yr Nip, Yip

|

Py

PHI\_

Nies Yup Nur, Yup

Ngr> Yup

Nups Yup

Yup = 1.0




Deftinition of Parameters
Degree of Depletion

Nip Yr Nip, Yip

T
Pul\__ Yip

YF

NhE> Yup Nur, Yup= 1

N> Yup = 1
Niups Yup=1




Definition of Parameters

Npp Yr

Py

Nugs Yap

Extent of Recovery

NLP, Yir

T

-

NHF, Yuap= 1

N> Yup = 1
Niups Yup=1




Deftinition of Parameters
Recycle Ratio

Nir Yr Nip, Yop

|
o I\_ NHF

NHE> Yup Nur, Yup= 1

N> Yup = 1
Niups Yup=1




Definition of Parameters

Pressurization Recycle

N Yr

Py

Nugs Yap

NLP, Yir

T

-

NHF, Yuap= 1

N> Yup = 1
Niups Yup=1




0.0

Results of the NLIET-ER PSA Model

Effect of Pressure Ratio on Ny

Conditions:

ye=0.15,P, =l atm, T=575K

T\THP/]'\ILF

1 0.075

0.150

4 0.135
41 0.120
1 0.105
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* Performance of ER PSA
process improves with
pressure ratio (larger Nyp
with 1)

* As 1 increases Nyp/N, ¢
approaches but never

- larger than yy,

1 o.060 Z&:  Remarkably large values

of Ny and Ny (both
adding up to ~ 8) due to
considerable  desorption
and expansion of gas
during feed



Results of the NLIET-ER PSA Model
Effect ot Pressure Ratio on Eg, Dy, R and R,

Conditions:

yar=0.15P =1atm, T=575K

1.0
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* At m, larger than about
5.0, E; becomes larger
than 80%

 The direct consequence
of this is the ever smaller
concentrations of CO, in
Ny p, 1.€., D, decreases

* The recycle ratio (R))
also decreases with
increasing mp, but at the
expense of increasing the
pressurization recycle (R )



Results of the NLIET-ER PSA Model

Effect of Pressure Ratio on Ny (Smaller Py )

Conditions:
yap=0.15,P =0.1 atm, T=575K
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* Performance of ER PSA
(in terms of N,p/N, ) does
not vary significantly with
smaller feed pressures
(i.e., Py)

 However, the huge flow
rates at these conditions
(Ngr + Ngp ~ 200 Npp)
could be very detrimental
in terms of pump costs

* Such large flows are a
direct consequence of the
very large selectivities of
the adsorbent for CO,



NI-MTL ER PSA Model Assumptions

ASSUMPTIONS:

® 1deal gas law

plug-flow (negligible radial gradients)

negligible pressure drop

finite heat and mass transfer resistances

mass transfer governed by linear driving force approximation
heat transfer governed by overall heat transfer coefficient
loading dependent heat of adsorption

gas and adsorbed phase heat capacities equal and temperature
dependent

e constant adsorbent heat capacity

SOLUTION PROCEDURE:

e unlike ET, optimum conditions can only be
found through parametric studies

e FORTRAN based numerical code (method
of lines) used (DDASPK)

Rigorous Model!




yco2 or Recovery

ER PSA.: Effect of Bed Length

Operating Conditions

Ycor =0.15 Yo =0.10 yN, =0.75

P,=1379kPa P, =13.79 kPa

tep = tpyp = 308

Q=03 L STP/min  Qyp = 0.15Q;

0.75
0.70
0.65
0.60
0.55
0.50

min

Throughput
0 . =1.1 L STP/hr/kg
=4.3

max

6l’IlaX
\

0.2

04 06 08 1.0
Length (m)

1.2

Enrichment of
CO, m ER
PSA easily

surpasses that

obtained with

SR PSA, but

typically at a

much lower
throughput and
CO, recovery.




ER PSA: Effect of Py

Operating Conditions

Yrco2 ~ 0.15 YEH20 — 0.1 YEN2

= 0.75 Interesting opposing

yco2 or Recovery

0.7
0.6
0.5
0.4
0.3

P, =13.79 kPa effects of Py,
tep = tpg = 308 depending in some
Qpp = 0.15Q¢ way on the feed flow
rate and bed length.
- 0=2.2 L STP/hr/kg Qp = 0.3 L STP/min
| L=0.5448 m
0= 14.4 L STP/hrkg [ 1 0L STP/min
- L=02724m
| \ ‘ I
50 150 250 350

Py (kPa)



ER PSA: Eftect of t;

Operating Conditions

CO, enrichment and

Yrco2 =015 Yemo =01 Yexy =0.75 recovery relatively
P,=1379kPa P, =13.79 kPa

< insensitive to tgp at
Qup = 0.15Q¢ these conditions.

yco2 or Recovery

0.7 ; |
06 I 0,.=14LSTP/hrkg [Q=03L STP/min
“Fe,,=35 L =0.2724m,
bs [ tpyp = 60 s
04 | 0. .. =19.2 L STP/hr/kg ), = 2 L e
0.3 ] .Gma" B L =0.5448 m
| [ in - tpyp = 30's
0.2 ‘ ‘ | :
CO, enrichment and
0 100 200 2

recovery depends
tep (S) markedly on Qg and L!




ER PSA: Effect of Q;

Operating Conditions .L=0817 m
Yecor =015 Yrmo=0.10 ygy, =0.75 0 (L STP/hr/kg)
P,=1379kPa P, =13.79 kPa 0. =048
top =to =308 Qup = 0.15Q, 0 =48
0.8 L=0272
=07 | B0 ek
5 0.7 | 0 (L STP/hr/kg)
2 05 | s = 288
- [
2 0.4 : 85%111 L=0.136m
S i 272 m 0 (L STP/hr/kg)
s, 0.3 - —4— (0.136 m 0 . =14
0.2 0, =241
0.01 0.1 1 10

QN IV T, Vo2 < 0.75 or Eg <5.0 the limit?



Overall Objectives
Propose why adsorption technology still has
potential for CO, separation and capture
Introduce new adsorption cycle concepts that
mimic distillation technology

Describe high temperature adsorption cycles for
concentrating CO, from stack and flue gases

Provide convincing evidence that further justifies
study of high temperature adsorption cycles



Comparison of ER and SR PSA Cycles
;= 10, P, = 13.79 kPa, L, = 0.2724 m

Flowrate (slpm) | Feed time (s) | 6 (SLPH/kg) | Enrichment |Recovery (%)

0.050 30 0.72 4.71 70.0

ER PSA 0.100 30 1.44 4.65 69.9
0.300 30 4.32 3.85 50.1

Qup/Qp =0.15 1.000 30 14.40 2.48 37.4
2.000 30 28.81 1.87 28.2

—~ 0.250 100 3.60 0.99 100.0

0.500 100 7.20 1.63 100.0

1.000 100 14.40 2.42 96.8

SR PSA 1.500 100 21.60 2.69 81.9
v=0.5 < 2.000 100 28.80 2.78 69.4
0.250 200 3.60 1.64 100.0

0.500 200 7.20 2.45 100.0

1.000 200 14.40 XE 89.3

1.500 200 21.60 3.28 73.8

2.000 T 28.80 3.2 62.6

AV

SR PSA

y=1.25 <




Conclusions

e Simple 4 and 5 step SR PSA cycles are able to
produce enriched CO, (but y,p/y; < 4.0) with very
high recovery (100%) in a high temperature HTlc
based process, even with poor mass transfer
characteristics which will improve

e Simple 4 step ER PSA cycle 1s able to produce enriched
CO, (but y;;p/yr < 5.0) with with moderate recovery (E;
< 80%) 1n a high temperature HTlc based process, but
at relatively low throughputs compared to SR PSA

® [nitial ideal and rigorous simulations of SR and ER
PSA cycles providing considerable insight into which
parameters appear to be most 1mportant to
maximizing the CO, enrichment, recovery and
throughput, with upper thermodynamic limits being
exposed
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Overall Objectives

Propose why adsorption technology still has
potential for CO, separation and capture

Introduce new adsorption cycle concepts that
mimic distillation technology

Describe high temperature adsorption cycles for
concentrating CO, from stack and flue gases

Provide convincing evidence that further justifies

study of high temperature adsorption cycles
Elaborate on industrial and government agency

col

aborations to strengthen possibility of success



Collaborators

AIR 7.

® University of South Carolina

» new high temperature PSA adsorption cycles
and adsorbent characterization

® Air Products

» technical support, and product and process
development and licensing

® US EPA Office of Research and Development

> adsorbent development, characterization, and
optimization



Preliminary Cycling Study with
New EPA Material

Mgy 73Alp 27(0OH)2](CO3)g 135 « MHL0
(with trace NaNO; impurity)

CO, Adsorbed on HTlc at 300°C * Adsorption isotherms with
10 strong hysteresis (results
9 | = consistent with observations of
s [ T ?1 Ding and Alpay)
7 L
* Hysteresis loop continually
NG 6 . displaced upwards, but less in
=S5 every new cycle = regeneration
= 4 & approaching 100% in few more
3 [ “1,2 and 3 are cycle numbers | cycles ( PSA cycles > 1000!!)
2t ** Arrow right = adsorption
N Arrow left = desorption * Anyhow, working capacity
e tends to be larger than 3 wt%,

which is quite remarkable
0 100 200 300 400 500 600 700 800 900 1000

Pressure (torr)



On-Going and Future Research

® Continue to explore SR, ER and DR PSA cycles using
the NLIET models to gain an understanding of the
upper thermodynamic limits of performance

® Continue to develop NI-MTL SR, ER and DR PSA
process simulator codes to explore new cycles under

realistic conditions, €.g., high pressure rinse step in SR
PSA compared to heavy reflux in ER and DR PSA

® Continue to collaborate with Nick Hutson at the EPA
and Jeff Hufton at Air Products to foster the
development of high temperature PSA cycles based
on HTIc adsorbents for CO2 separation and capture

® Continue to characterize new and commercially
available HTIc materials to determine more
accurately their thermodynamic and transport
properties, and initiate the design of a high
temperature, universal SR, ER and DR PSA apparatus
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